Wnt/b-catenin signaling is an important cell-to-cell signaling mechanism that controls gene expression during embryonic development and is critically implicated in human diseases. Developmental, cellular, and transcriptional responses to Wnt signaling are remarkably context-specific in different biological processes. While nuclear localization of b-catenin is the key to activation of the Wnt/b-catenin pathway and target gene expression, the molecular mechanisms of how the same Wnt/b-catenin signaling pathway induces specific responses remain undetermined. Recent advances in high-throughput sequencing technologies and the availability of genome information for Xenopus tropicalis have enabled us to uncover a genome-wide view of Wnt/b-catenin signaling in early vertebrate embryos, which challenges previous concepts about molecular mechanisms of Wnt target gene regulation. In this review, we summarize our experimental approaches, introduce the technologies we employed and focus on recent findings about Wnt target gene regulation from Xenopus research. We will also discuss potential functions of widespread b-catenin binding in the genome that we discovered in this species. 
| I N T R O D U C T I O N
The Wnt/b-catenin pathway is an important cell-to-cell signaling mechanism conserved among animals including humans (Loh, van Amerongen, & Nusse, 2016) . Wnt/b-catenin signaling function has been linked to a wide range of biological processes as diverse as embryonic axis formation and patterning, cell proliferation and differentiation, as well as tissue regeneration and cancer progression. This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited. Nakamura, 2014) . Once Wnt signaling is activated through interaction of Wnt ligands with Frizzled receptors and LRP co-receptors at the cell surface, b-catenin degradation is inhibited, which results in accumulation and translocation of b-catenin to the nucleus (Figure 1b) . Nuclear b-catenin is consistently observed in a variety of experimental animal systems and cancer, where Wnt/b-catenin signaling is active, and can thus be reliably used as the proxy (molecular readout) for active Wnt/ b-catenin signaling (reviewed in Hoppler & Moon, 2014; Nusse, He, van Amerongen, 2012) .
In the nucleus, b-catenin associates with particularly the TCF/LEF family of DNA-binding transcription factors (reviewed by Hoppler & Waterman, 2014) . The association of b-catenin converts TCF/LEF proteins from a transcriptional repressor to a transcriptional activator, and the resulting b-catenin/TCF complex activates Wnt target gene transcription (reviewed by Hoppler and Nakamura, 2014) . The existing paradigm of Wnt/b-catenin signaling therefore asserts that nuclear b-catenin recruitment to target gene loci activates target gene expression (Figure 2a ).
| Maternal-to-zygotic transition in Wnt signaling in
Xenopus embryos is ideal for studying context-specific Wnt signaling mechanisms Xenopus embryos undergo a dramatic shift in the response to Wnt signaling early in development. This shift coincides with the onset of zygotic transcription at the mid-blastula transition (MBT, NieuwkoopFaber stage 8.5; Newport & Kirschner, 1982a,b) . Before the MBT, maternal Wnt signaling stabilizes maternally inherited b-catenin in future dorsal cells (Larabell, Torres, Rowning, Yost, Miller, Wu, . . . Moon, 1997; Schneider, Steinbeisser, Warga, & Hausen, 1996; Schohl & Fagotto, 2002 ). This maternal b-catenin sets up poised transcription of direct dorsal-specific maternal Wnt target genes (Brannon, Gomperts, Sumoy, Moon, & Kimelman, 1997; Laurent, Blitz, Hashimoto, Rothbacher, & Cho, 1997; McKendry, Hsu, Harland, & Grosschedl, 1997) , which then proceed with full transcription after the MBT (Blythe, Cha, Tadjuidje, Heasman, & Klein, 2010) . The expression of these maternal Wnt target genes in dorsal blastomeres is responsible for establishing subsequent dorsal development (Figure 3 ).
In contrast, shortly after the MBT, the earliest zygotic Wnt signal include the ease of obtaining a large quantity of developmentally coordinated, relatively large sized embryos, and the rapid embryogenesis that facilitates analysis of different stages of development. Of more importance is recent progress in the availability of the genome sequence (Hellsten, Harland, Gilchrist, Hendrix, Jurka, Kapitonov, . . . Rokhsar, 2010) and the high-throughput sequencing technologies coupled with the well-established Chromatin Immuno-Precipitation (ChIP) technique in this species (Akkers, Jacobi, & Veenstra, 2012) .
Together the Xenopus tropicalis model system has enabled us to embark on a genome-wide analysis of zygotic Wnt target gene identification (Nakamura, de Paiva Alves, Veenstra, & Hoppler, 2016) .
For the purpose of discovering direct zygotic Wnt8a/b-catenin target genes, we logically defined two criteria for the genes that we wanted to identify: first, that the transcript levels of the genes must be altered (increased or decreased) when the Wnt8a signaling activity is experimentally changed; and second that there must be b-catenin recruitment to genomic sequences nearby. To this end, we decided to gain a genome-wide perspective by combining RNA-seq transcriptome analysis using wnt8a-depleted embryos and ChIP-seq analysis of chromatin-associated b-catenin at early gastrula (post-MBT).
| RNA-seq analysis identifies genes regulated by zygotic Wnt8a signaling
For our RNA-seq study, we developed an experimental design to reli- 
| b-catenin recruitment is not the hallmark of Wnt-mediated transcriptional regulation
Our combined analysis revealed that the number of b-cateninassociated gene loci is considerably larger than that of Wnt-regulated genes in post-MBT embryos (Figure 4c ). Those Wnt8a-regulated genes that we tested were overwhelmingly found to be correlated with nearby b-catenin-associated sequences (e.g., hoxd1, Figure 4d Our conclusions further became firm after subsequent analysis comparing b-catenin recruitment to context-specific genes for the different contexts before and after the MBT. We experimentally increased or decreased the Wnt8a signaling activity in post-MBT embryos and studied transcription levels of the "wrongº genes, i.e., of maternal Wnt-regulated genes that were uncovered to have b-catenin recruitment by our b-catenin ChIP-seq analysis in post-MBT embryos.
In these post-MBT experimental conditions, as expected, the transcription of these maternal Wnt target genes remained unaffected. However, the b-catenin binding level was significantly increased by the 
| Context-specific regulation of zygotic Wnt8a target genes
What is so special about the transcriptionally regulated Wnt8a/b-catenin target genes? Since direct maternal Wnt/b-catenin target genes are regulated by combinatorial Wnt and Activin/Smad2 signaling (Crease, Dyson, & Gurdon, 1998; Nishita et al., 2000) , we hypothesized that an analogous shared tissue-specific molecular regulatory mechanism would control Wnt8a target gene regulation.
We however uncovered that rather than sharing a single ventral mesoderm-specific mechanism, Wnt8a target genes turned out to have Another proposal involves a buffering system through binding to many relatively accessible sites in the chromatin (cf. Lin and Riggs, 1975) . In this mechanism, binding that is not related to transcription is employed to limit the availability of unbound transcription factors, thereby fine-tuning direct specific gene expression. As demonstrated, Wnt signaling activation leads to high levels of nuclear b-catenin. Considering this fact, extensive b-catenin recruitment might be attributed to part of this buffering system to prevent inadvertent strong transcriptional activation.
A further proposal involves chromatin reorganization. Pioneer transcription factors can also bind to otherwise inaccessible sites of closed chromatin (Iwafuchi-Doi & Zaret, 2016) . Binding of these pioneer factors induces recruitment of chromatin remodelers or modifiers, which in turn results in genome-wide or more regional histone modifications to make chromatin more accessible to other transcription factors (Cao, Yao, Sarkar, Lawrence, Sanchez, Parker, . . . Tapscott, 2010; Knoepfler, Zhang, Cheng, Gafken, McMahon, & Eisenman, 2006) . Indeed, b-catenin and TCF7L2 recruitment to chromatin was reported to induce histone acetylation in a widespread region by recruiting CBP, a histone acetyltransferase; yet this recruitment of b-catenin is independent of transcription (Parker, Ni, Chang, Li, & Cadigan, 2008) . Interestingly, our identified b-catenin peaks show a strong correlation with both histone acetylation and p300 occupancy, a paralog of CBP. Thus, our discovered b-catenin recruitment at a large number of sites could be involved in such chromatin reorganization, rather than causing direct transcription.
Genome-wide b-catenin recruitment could be involved in some of these proposed molecular mechanisms. However, it is noted that b-catenin is not a DNA-binding transcription factor. Differences in the contribution of b-catenin binding could change depending on the DNA-binding transcription factors that b-catenin interacts with. Generally, TCF/LEF is the main partner of b-catenin for recruitment to chromatin (reviewed by Hoppler & Waterman, 2014) . Other studies also suggested the potential interaction of b-catenin with other DNAbinding transcription factors (reviewed by Cadigan and Waterman, 2012) , which is consistent with our findings (for more detail consult Nakamura et al., 2016) 
